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ABSTRACT.

Thwmogrsphic=phmphor (TP) remote tcmpermur. @en@orewere hmtalled on s turblno disk and oubjected to
th( -mml ●nd centrifugal str~etea in ● spin-pit tat. Tha sonoors were pked ●t three ditferent radi on the dlek,
which wu run ● 6(v)Q,933o, 11400, snd 13200 rpm at nominal temperatures of ●mb{ent, 300’F, W)’F, $OO°F,
and 12600F (149°C, 316*C, 482°C, and 677° C, respcctively)t

‘1’htpapm givm detds of the ‘1’Ptemperature. meaeurernent m~thod, phoephor bonding to the disk, calibration,
optical. systam daign, and .Iectronics inotrumwwmtion.

Tht tamperaturec meuurad by the TP tensore were comperod with thoeo memured by thermocouplot muunted
on the disk, A number of tht thmtocrmples b~havod erratically ~ftcr we operuted the duk ● 977° C for M
extended per{od, Neverthelw.a, for thoe~ cues whero they could he compered with confidence, the rngrtemant
between the TP wnsom snd the th~rmocouplcc WMgood,
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INTRODUCTION.

Thie papar describes the succeeeful application of t iermographic-phoephor (TP) technology to mrface-
temperature measurements on a rapidly spinning turbine disk. Thi~ experiment wae part of a program whose
goal ia meaauring surface temperature on firet-etage rotor blades and stator vanee in an operating turbine
engine.’

Thermogmphic phosphors are materiale whose optical-emiaaion properties exhibit a unique functional depen-
dence on their temperature. The phosphor temperature sensitivity i. believed to reeult from thermally ac:ivated
nonradiative quenching, accompanied by population redistribution between competing emitting states,z The
temperature dependence of the phosphor emiaaion is manifested both in the charuterietic decay time and the
intensities of peaks in the emiaaion spectrum. After appropriate excitation by ultraviolet or higher enmgy,
either the ratio of two amiaeion-line intensities or the decay time of some selected line can be ueed to determine
temperature.

Our instrumentation efforte have centered on meaauring phoephor decay time u ● function of temperature.
Although spectral analyda of the phoephor emiaaion will slao yield temperature inforrrmtionl$ our limited
investigation into thie technique sugseets that it u leee precise ●nd more eueceptible to systematic emor th~
decay-time meaaurementa whenused on periodically moving syeteme.

The use of thermally dependent phosphor luminescence ae a seneor enables one to make temperature me-
eurements in remote or hoetile environments. Further, the use of fast FUIIe techniques ensbles one to meuure
temperature on rapidly moving framee of reference with preciee time resolution.’

The experiment reported here wu carried out ●t a spin-pit facility ●t the United Technologies Reuzarch Center
(UTRC) in Hartford, Connecticut. The UTRC spin-pit mwurements ue commonly made ●t epeede of 1200,
66oo, 9300, 11400, ●nd 13200 rpm ●nd St tamporatures of 149°C, 316”C, 482*C, and 677*C. Our experiment
plan wee to instrument theeo four temperature points ●t the four faeter speeds and at three different disk radii.
Thie goal placed ● number of new demands on our TP meaeure~ mt eyatem,

EXPERIMEX+lT DETAILS.

A. Phoephor SelectIon and Characterisation.

Severs] of the test points were located in temperature regions that have me! previoudy baon iustrumeaterl
using thti technique. Consequently, s mbotantial ●mount of tim WM spent llnding TPs whae Iumineaconce.
decay times exhibit ● functional dependence on temperature in 100°P’(S60~)”wide wi.m bracketing each of
the choeen test temper~urec. Aeeuming ● ~imple functional dependence Of decay time on temperature wets
not 8 euflicient -ittrion for thie expcrimont, The value of the dec ●y constant mutt be ehort enough that the
phoephor intensity wifl change ● significant amount in the .mmilablc measurement-tirne ●perture. Thie time
aperturo WU w XI@ ●t 132~ rpmi The ●pwture u limited by the fact th~t VMcould view only ● small portion
of the rotsting disk with our optics, The region of uniform optical coUection wae limited to apjmcwinmtely 200
of UC. Working with mtteriab that exhibit decay thee leu than the 2uGpu aperture insureo the measurement
of ●t least one full pho~phoreecent decay timo at the highmt rotational epewle. Longer decay times can b.
meeaured, but with ~om~ la- in ●ccuracy.

Some TPs (including many oxyeultideo) that are ueeful for measuring rd~tive!y low temperatures tend to
dogrmde at higher temperature, For this experiment, d] the TPe muet be ablt ‘o be cycled to the higheot
temperature, 677°C, without change in the decay tima or significant Ioee of erniadon inteneity. In s eimple
ecreening teet, esch candidate TP waJ kept ●t 677*C for 24 houre. Th. temperattwo WU than Iowerod to a
level at which tha calibration snd uen.itivity of the phocphor could be checked, Tkle procodure wu repeated
for three or four dayo. The phaphom mtbjectad to thh teatwwe bound to U$*IWI incond-ailoy platee Itdng R

binder of choice. Several TP candid~tea, u we]? u a number of possible bbcdere, lvert r@j@ctedon the bda of
this tait. Table 1 Iitts the phoaphore ueed for thb exporimant, alone with their acthw temperature range and
the wavelength of the emiation maximum. To covor the four t~mperaturee rtquired three TPo, LazOtiS:Eu
(europium.doped Imthanum oxysulfide) wu used to meaaure tho i49’C poin~, YV04:Dy (dysproeium~doped
yttrium vanadato) the 316°C point, and Mct(F)GeOfi:Mn (manganesedop~d magn~eium Iluorogarmanate) th.
482°C and 677’C points.

2



B. UTRC Spin-Pit Cor@guration.

The b-it experiment layout u shown in Figure 1. The epin pit u configured such that the instrumented disk
rotates horisontaily in a vacuum chamber. The disk ia heated with an inductive rf heater. The lid contains
two optical ports. A 13-cm-diam port is located directly over and parallel to the diek. The vertical dietance
from the port to the disk ia 58 cm. A 5-cm-diam port u located over the ucia of rotation and ia ●ngled such
that the window is normal to the direction of view. Both porte have a deu opticai path to a common area
of the diek. The 5-cm port woo u$ed to pass excitation light, and the 13-cm port wu used to coliect the TP
emiseion.

A puieed nitrogun hoer with an ultraviolet optical-output wavelength of 337 nm wee used to excite the phoe-

phore. Becauee the laser beam haa considerable divergence (3 by 7 mrad), focusing optics were used to create
a spot of w l-cm-diem on the disk. A gimbal-mounted mirror wae used to eelect which of the three phoephor
radii wae irradiated.

The uniformity of collection ae ● function of position in the object plane wu ● primary concern in the design
of the collection optics, Any epatial shading, due either to the optical collection or photomultiplier.tube
(PMT) photoc~thode nonuniformity}, will distort the decsy-tirne data, poeaibly caueing eystemtiic mror in the
temperature measurement,

Figure 2 ie ● series of ray tracee showing how the collection optics image the TP emieeion onto the PMT
photocathode. A 200-mm-focal-length, 100mm-diam collection Iene waa used to focut the phoephor emimion
oaco a 25.mm.tquare ileld etop with t reductiG,l of ●pproximately 2:1. A 90-mm-focaMength, 60-mm=diam
field lens was ueed to provide a nearly uniform iilumina~,ion of the photocathode. Figura 2s and 2b chow the
results of a bundie of raye launched on-uds and 2 cm off-axis. Aa shown in the detector-plane apot diagrama
in Figure 2, the ray pattern impinging on the detector N changed minimally.

A nanow.band interference filter, centered uound the appropriate emiaaion line, ●nd ● Schott gl~e Iong-pace
61ter ware placed in the plane of the field stop. The Schott 61ter wooaeceeeary to provide ● eufllcient ●mount
of rejection cf tht excitation light.

Fi~re 3 u ● photograph of the instrumentation disk. The instrumentation mtppiied by UTRC cmteiate of
thermocouple, welded directly to the disk, ●nd thin=film atrairt gauges with thermocouples welded onto the

gauge foil, The iocations of the thermocouples thut we used for data ●ndyeu ue dao shown in Figure 3, The
Actricd leach for the UTRC inetrumentation ue connected to clip ringe and from thwe to ● computerised
readout package.

The nine Spots on the left
rbngeai Euh waa ●pplied
-ay of nine TP spote.

eide of tht disk in Figure 3 are our three TPe that cover the required temperature
●t thr~e rtdii to mimic the etandud UTRC instrumentation poeitione, hence the

Measurement timing originated with ● “once-around” trigger provided by an inductive pick-off from the rotor,
This eignsl wae firnt counted down by ● factor of 20 to 25, This digitd count-down circuitry wae used to r.duce
the w 2tXkHa frequency of the rotor disk to Iese than the 1O-HSmaximum repetition rate of our nitrogen Iuer,

The trigger wae then delayed with a high-precielon low-jitter time-delay unit 00 that the l~er light arTivwJ
at the disk coincidmt with tho desired phoephor ~pott By varying the ●mount of delay, we could eelect the
tppropriatn phoephor for the temperature ran~e being meaeured. Because the laser ie epark-gapinitiated, it

h- ●n inherent 201M500IISof jitter between the trigger time and the fire time, To overcome this, we used s

eilicon detector, viewing the reflection off one of the iaaer ieneeo, to trigger the digitiser,

The digitiser it ● LeCroy modei TR8tt28b/mm8103A contained in ● CA MAC crate. The crate in controlled
by m LSI-11 microcomputer, Dsta were stored on a Winchester hard diek, An in.house.deeigned softwue
package WMused to drive the instrumentation and anaiy:e the data. Typically, 100 pulses were averqed to

enbmce the signal.t-noise ratio,
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CALIBRATION.

Prior to the experiment, the TPs were applied to the disk and calibration data (decay time us temperature) were
collected at our own laborat~ries. A large oven waa built for the calibration. An NBS-traceable thermocouple
waa attached to the disk in the region of the test phosphors. The cali”xation procedure waa to heat the disk
to s 700eC, then slowly cool the oven at a rate of m l°F/min (0.6°C/min). We took data every 5°F (3°C) u
the oven cooled, bracketing the measurement points by nearly 50” F(28°C). These calibration
in Figure 4.

The solid line in Figure 4 is the result of a leaat-squares exponential fit to the data:

T = Aebr,

data are ah&n

where T ia the thermocouple temperature, r u the meaaured decay time, and A and b are the fitting param-
eters. This expreuion wu used aa the calibration function in exponential regions of the calibration curve. In
nonexponential regions, a calibration point wae calculated using ● !inear interpolation between the two adjacent
points. Memmmertt-precision valuee were obtained from the calibration data by calculating ● sigma value,
using the exponential fit u the expected value, from

where n is the number of elementt in the set. A two-sigma error value beeed on tliia calculation ia shown in
Figure 4. These uumbers give the precision of the calibration.

DATA ANALYSIS.

Figure 5 ~howt ● typical TP decay curve. Decay times were calcult ted by doing ● linear regreuion co the
natural logarithm of the data. This calculation u made over ● Umi::d region cf the emiuiwt curve. The dotted
line in Figure 5 marks the end of a “dead’ time, which u employed to avoid laaer~exc~.ation artifact~ in the
datu. The origin of the spike lies both in scattered huer light and prompt diek+ontaminant duorescence. After
th~ dead time, a window of prcdotermined width ie used to seioct the part of the emieaiou curve to be ●nalysed,
The window boundark ue shown in Fieure 5 aa the two solid lines croaeing the data ●t m 35 and 75 pa.
This window stuta at 90% of the pulse height present after the desd time and ends ●t 30%. Decay times are
calculated using the data contained within thie window,

Figure 6a u ● semiiog plot of the data contained within the window shown in Figure 5. Also thown in thie
figure u a plot of the calculated cu~e using the decty time extracted by the least-squuee ●lgorithm. Figures
6b, c, and d show similar data for the three other temperature ranges that were meuured.

As previously ststed, ● known—an d preferably uniform-collection efficiency over the meaaured region of the
duk k necessary for accurate results. We veri6.d the flatness of the optical 6eld by meaaurirtg the phoeph-
rest.rtt decay of Mgt(F)QeOe:Mn ●t room tampwature. The TP response waa 6ret meuur.d while the dhk
was ctat ionnry, Tht decay time of this TP al room temperature u m 3 ms. The stationary measurement wu
divided into meawmments made ●t room temperature with the diek rotating, The resuit.a of this divieion u.
mhown in Figure 7, The thre. pulses Phown in ttria figure represent data taken ●t three 4dTerent rotatiorml
speeds: WOO,9300, ~d 11400 rpm,

Arttiactc due to the Iaser.excitation pube arc clearly seen in the len cidt of Figuro 7, At the highw rotational
velocities, (Figure 7, curvta b rnnd c), the TP npot paases through the optical. collectkm region before the end
of the d20.ps m~aaurement time, Thie is the reum for the rolloff emn in curves b and c, Excluding the
high-frequency noim, the excitation region, and the rolloff late in the pulse, these data show thst tho collection
Miciency u uniform to Withti w 5%.

l’her~ appuuw to be a nlight tilt in the fiat-field d~ts, The trend u toward %creneing sensitivity late in the 6eld
of view, An illcreaee of rnpproxim.ttely 5% ia observed ncrow the 32GP0 window, The effect of the distortion on
the dec~y tilne is nearly equal to the perc~ntage chmtge in the collection efficiency over the duration of one TP

4



decay time. The longest decay times that we meaeure we on the order of 100 pa. At this kvel, the distortion
will result in a 1.s% increaee in the meaaured decay time over the actual decay time. Using the calibration

tunes in Figure 4, thie translates to less than a *1.5 °F(0.80C) comection in ●Il caaew

Because the magnitude of this correction ie small, we did not divide the data by the optical-field measurements.

We were, however, cmeful to do our analysia in the flat region of the collecti~n-efficiency curve.

RESULTS.

Table 11nhows a comparison of UTRC thermocoupl-derived temperature data with the temperatures calculated

from the TP decay-time data. The temperatures calculated from TP decay timee and UTRC thermocouples

all ●gree within f% at both 6600 and 11400 rpm. The phosphor data were collected from the outer radial

phosphor spot ●t 16,8 cm from the center of disk rotation. Thermocouple readings are taken fkom a variety of

disk locations from thermocouples mounted directly to the disk mmface (TC31, 15.5 cm from disk center) or

on top of thin-61m strain gauges (Tf207 and TC08, 16.5 cm and 15.2 cm from the disk center, respectively),

The data collected at 6600 rpm were acquired during the early stagea of the experiment, while the majority of

disk thermocouples were operating reliably. Later in the experiment, when we required disk operstion at an

elevated temperature (677° C) for an extended period, ? number of the disk thermocouples developed anomalous

intermittent temperature readings. The breakdown in thermocouple output conniatently resulted in a failure

towuds cooler temperature ~eadin ds. Thie problem wee possibly due to ● combhmtion of soft vinyl insulation

over the thermocouple leads, an overheated disk bore, and centrifugal-force loading of the leads. Theee three

fact~,a could combine to create secondv junctiont in the thermocouple lade, the symptom of which M an

intermittent cold failure of the sen.or.e Thereafter, when thermocouple failure appeared, the thermocouple with

the highest temperature reading waa chosen u the moat accurate ●nd used to compare with the temperatures

calculated from phosphor decay .time data.

The data taken ●t 6600 rpm (before tho onset of thermocouple problma) setabliahed the relationship between

the varioue UTRC disk. surface and etrain-gauga-.mounted thermocouples and the TP data. The strain-gauge-

mounted thermocouples (TC07 and TC08) yield temperature values from 2% to 10% lower than the phoaphom

and the diak=mwface-mounted thermocouples. Theea thermocouples are imulatod from the rliak surface by

the thin-film strain gaugee and ue expected to be dig3tly cooler. At 11400 rpm, the diek-mwface-mounted

thermocouple (TC31) failed; however, a combination of good TC07 and TC08 d~ta were obtained ●nd are

tabulated along with TP temperature. There u good agreement (+3%) between the TP temperatures and

TC07 and TC08 data.

To investigate the effect of disk rotational #peed in more detail, ● series of meuurements wu taken ●t 6600,

93oo, and 11400 rpm ●t a single spot ●nd at ● fixed temperature. Them data we tabulated in Table 111.The

phosphor data are taken from the outor radial spot 16.8 cm from the c!iek center) of Mgd(F) GeOe:Mn and

are compared with diek-mrface (TC31) nnd thin. tihn=etraimgauge-mounted (TC08) thermocouple-. Again the

agreement between thermo~ouple ●nd TP tern peratures u good.

In addition to meaeuremantt u ● function of diek epeed and temperature, TP decsy.time measurements were

made at three radial poeitiont ●t 6xed rpm (6600) and temperature (* S15°C). The reoults of theee experiment

are given in Table IV. The thin. film-strain-gauge. tnounted thermocouple TC08 gave good data throughout thie

experiment ●nd u compared with the TP tempcraturea. The TP data #how that temperature doeo not vary

appreciably, after approximately 10 minuten of operation at #peed, in the disk-web region between the 14.2.cm

to 16,8.cm radial positions, However, the inner TP #pot (radial position = 14,2 cm) wu significantly lower in

temperature than TCOfl (radial position = 15,2 cm) when the experiment wae initiated with a cool disk-bore

Temperature,

5



CONCLUSIONS.

We used TP to meaaure surface temperature on a rapidly spinning turbine disk at the UTRC spin-pit facility.
Uci.ng the decay time of phosphor materiala applied to the turbine disk, surface temperatures were meaaured
at 149, 316, 482, and 677° C at disk rotational speeds of 6600 and 11400 rpm. Additional measurements were
made at 677° C and 9300 rpm aa well M at three radial positions (14.2, 15.5, md 16.8 cm from tue center of
disk rotation) at 6600 rpm and 316”C,

The temperatures measured wi~h the TP technique agreed to within 4% of the nearest diakthermocouple
reading in all caaes. Tne mwci.nmn difference between TP and thermocouple temperature readings exceeds
the expected scatter baaed on the calibration-precision and thermocouple-accuracy measurements. However,
at thinpoint it u unclear whether the differences resu!t from actual variations on the disk surface, the UTRC
thermocouples, or the TP phosphor measurements.
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Table I
Phoaphom used in this experiment, the range over which they work u thermometer, and the wavelength

of *he emiacion line that wae used.
Phosphor Temperature Emieaion Range (“C) wavelength (rim)
L~02S:Eu100 -260537
YV04 :DY290 ● 450674
Mg+(F)CeOe:Mn450 -730656
Table II
Summary of Temperature Data d 6600 and 11400 rpm Thermocouple (TC) vereus Thermographic Phosphor

(TP) Data
6600 rpm 1’400 rpm
N4eaaurud temperature (“C) Measured Temperature (“C)
TC07 TC08 TC31 TP TC07 TC08 TP (a) (b) (c) (d) (a) (b) (d) 148143153159147-152301 3@2317323

329-341461464489491502 .517. t143 664656.648645
a. Thermocouple mounted on top of thin-61m strain gauge, 19.5 cm from disk “*nter,
b, Thermocouple mounted on top of thin-film atrtin gauge, 15,2 cm from disk center.
c, Thermocouple mounted directly to disk-eurface, 15 !! cm horn disk center,
d, Phoephor radial poeition is 168 cm from disk centet t
Table Ill



Meaaured Temperatures versus Disk Rotational Speed Thermocouple (TC) vemus Thermographic Phosphor
(TP) Data

Disk Speed (rpm) Temperature Meaaured (“C)
TCOd TC’31 TP (a) (h) (c) 66CM6406666479300643666646 11400648668645
a. Thermocouple mounted on top of thin-film strain gauge, 15.2 cm from disk center. b. Thermocouple

mounted directly to dkk surface, 15.5 cm from diek center. c. Phosphor radial position ia 16.8 cm from disk
center.

Table IV
Summary of Radial Temperature Measurements Thermocouple (TC) versus Thermographic Phosphor (TP)

Data (Note a)
Phosphor Radial Position (cm) Meaaured Temperature (“C)
TC08 TP (b) 14.2640 (630) 658 (602) 15.563566516.8635662
a. Disk rotational speed ia held constant at 6600 rpm. b. Thermocouple mounted on top of thin-film strain

gauge, 15.2 cm from diek center, c. Value in parenthesis refem to initia! reading with a cool bore.

Figure Captiona.
Figure 1. Schematic diagram of the experiment layout at the UTRC spin-pit facility.
Figure 2. Ray-trace and detector-plane epot diagrama of experiment collection optits.
Figure 3. Photograph of the instrumented turbine disk.
Figure 4. Calibration curves for the four temperature regions covered during the spin-pit experiment. Left to
Right: La202S:Eu, YV04:Dy, and Mg4(F)GeOO:Mn (twice).
Figure 5, Reproduced typical TP luminescence.decay curve. The disk waa rotating at 6600 rpm and the
temperature was 307° F(153°C),
Figure 6a. Semilog plot of the data contained within the window region of Figure 5. The temperature ia 153°C,
Figure 6b. Semiiog plot of the data contained within the window region of Figure 5. The temperature ia 326”C.
Figure 6c, Seiniiog plot of the data contained within the window region of Figure 5. The temperature ie 489°C,
Figure 6d. Semilog plot of the data contained within the window region of Figure 5. The temperature ia 677”C.
Figure 7. Flat-field data at three different speeds: 66Q0, 93(M, and 114fM rpm,
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Table I. Phoephora Used in Thie Experiment, the
Range Over Which They Work as Thermometer, and
the Wavelength of the Emission Line Used.

Temperature Emission
Phosphor Range ~ wavelength (nm

‘LOS 100-260 537
YV 290-450 574

MFG 450-730 656

Table II. Summary of Temperature Data at 6600 and 11400 rpm. Thermocouple
(TC) Versus Thermogra thic-Phosphor (TP) Data.

6600 rpm 11400 rpm
Meruured Temperature (“C) Meaaured Temperature (“C)

TC07° TtX8b TC31C TPd TC07a TC08b T~

148 143 153 159 147 --- 152
301 302 317 323 329 --- 341
461 468 489 491 502 --- 517
--- 643 664 656 --- 648 645

0Thermocouple mounted on top of thin-61m strain gauge, 16.5 cm from disk center.
bTherrnocouple mounted on top of thin-61m strain gauge, 15.2 cm from disk center.
CThermocouple mounted directly to clink mmface, 15.5 cm .%omdiek center,
‘Phosphor radial position u 16.8 cm from disk center.

Table 111. Meaaured Temperature@ Vemus Disk Rotational
Speed, Thermocouple (TC) vereus Thermographic-Phoephor
(TP) Data.

Temperature Meaaured (“C)

Disk Speed (rpm) ;coa” TC31b TPC

6600 640 666 647

9300 643 606 646

11400 64a 668 645

“Thermocouple mounted on top of thin-61m strain gauge,
15,2 cm from disk center.
“l’hermocouple mounted directly to diek surface, 15.5 cm horn
disk center.
‘Phosphor radial position ia 16,8 cm from diek center,

———.— .—— _



Table IV. Summary of Radial Temperature Meaauremefits.
Thermocouple (TC) versus Thermographic-Phosphor (TP)
Data.a

Meaeured Temperature (“C)

Phosphor Radial Position (cm) Tcoat’ TP

14.2 640 (630) 658 (602)
15.5 635 665

cL8 635 662

“Dink rotational speed ia held constant at 6600 rpm.
bTherrnocoup!e mounted on top of thin-film strain gauge, 15.2
cm from disk cent ‘r.
‘Value in parentheses refers to initial reading with a cool bore.
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